Optimal conditions for in vitro adherence of Escherichia coli to uroepithelial cells, previously shown to be more efficient for strains causing acute symptomatic than that for strains causing "asymptomatic" urinary tract infections, were investigated. Uroepithelial cells from fresh morning urine of healthy individuals and E. coli bacteria from patients with various forms of urinary tract infection were used. Adhesion was found to vary, between individuals and epithelial cell types, with epithelial cell viability, bacterial cultivation medium and growth phase, number of bacteria added to the epithelial cells, and incubation time and temperature. Adhesion was also influenced by variations in pH and osmolarity. Optimal test conditions were obtained with post-log-phase bacterial cultures grown on nutrient broth when 108 bacteria were added to 108 epithelial cells and incubated for 60 min. Considerable variation was found between experiments done on different days, whereas the variation between duplicates was small. The method described may provide a useful tool in the study of the host-parasite relationship in urinary tract infections.
The ability to adhere to epithelial surfaces has been shown to correlate to virulence in man for enteropathogenic Escherichia coli in the gut (19) , for gonococci in the urogenital tract (22, 29) , for streptococci in the oral cavity (8) , and in various animals for mycoplasma (21, 25) , Vibrio cholerae (11, 15, 16) , and E. coli (14, 20, 23) , among others.
Infections in the urinary tract caused by E. coli may give symptoms of cystitis and/or pyelonephritis, but many patients have few or insignificant symptoms of their bacteriuria: "asymptomatic" bacteriuria (12a) . Whether only symptomatic or also asymptomatic infections lead to tissue engagement that occasionally may progress to renal scarring is not well known.
In a preliminary report, it was suggested that the clinical expression of urinary tract infections as symptomatic or asymptomatic might be related to the ability of the bacteria to adhere to the mucous surfaces of the urinary tract (28) .
E. coli bacteria isolated from the urine of patients with acute pyelonephritis were shown to adhere in significantly larger numbers to human uroepithelial cells in vitro than did bacteria from patients with asymptomatic bacteriuria. The present report describes an in vitro model for the study of bacterial adhesion, using epithelial cells from fresh morning urine of healthy indi- viduals and E. coli bacteria isolated from patients with urinary tract infection. The influence on adhesion of the type of epithelial cell, properties of the bacteria, and conditions of incubation is investigated.
MATERIALS AND METHODS
Epithelial cells. The sediment of fresh morning urine from healthy individuals was washed in phosphate-buffered saline (PBS), pH 7.1, 300 mosmol/liter, and the cells were resuspended in PBS unless otherwise stated. The number of cells per milliliter was calculated by direct-light microscopy. Uroepithelial cells from 11 apparently healthy, non-bacteriuric persons denying previous urinary tract infection were tested, but most of the experiments were done with epithelial cells from one subject, CSE.
Bacteria Nine E. coli strains were selected from the 49 strains tested earlier (28) to represent varying adhesive ability from the strongest (I and II) to the weakest (V through IX). All (1, 13) . Incubation temperatures ranging from 4 to 560C were tested.
After incubation, unattached bacteria were eliminated by repeated washing in PBS. Before counting, a drop of trypan blue was added to the cell suspension, to allow exclusion of the stained dead epithelial cells (10, 18 Influence of bacterial culture medium on adhesion. The influence of medium on adhesion is illustrated in Table 1 . Bacteria grown on brain heart infusion broth, nutrient broth, and minimal salts medium showed good adhesive ability. When bacteria were grown on glucoserich nutrient broth, their adhesive ability decreased significantly, more with 1.5 than with 0.5% glucose (P < 0.01). Poorly adhering strains did not attach, regardless of cultivation medium.
Influence of pretreatment of bacteria on adhesion. Formalin or heat-killed bacteria lost the ability to adhere to uroepithelial cells. After incubation at 560C for 30 min, the adhesive ability of E. coli decreased significantly. Washing of the bacteria before incubation with epithelial cells significantly impaired the adhesion of good adherers after as few as two washings (Table 2) Figure 3 illustrates the effect of increasing incubation time, using as representative examples one poorly and one efficiently adhering strain. A slight, but significant, increase in adhesion could be seen in one of the poorly adhering strains at 2 h of incubation (P < 0.05). For all the strongly adhering strains, the most rapid increase in adhesion was observed during the first 60 min of incubation. In Fig. 4 is illustrated the change in adhesion with longer incubation time for one of the strongly adhering strains, using 108 bacteria per ml.
To ensure that growth during incubation did not account for the increase in adhesion observed with prolonged incubation time, control experiments were performed. First To investigate what effect such bacterial growth might have on the number of adhering bacteria registered after 60 min of incubation, the following experiments were done. Continuously incubated samples of 105 epithelial cells to which had been added 10' E. coli of each of the nine strains tested were compared with duplicate samples for which incubation had been interrupted after 10 min and the cell suspension had been washed free of unattached bacteria and reincubated at 370C after readjustment to a volume of 1 ml with PBS. Adhering bacteria were counted in the interrupted sample after 10 min and in both samples after 60 min of incubation. A much greater increase in the number of adhering bacteria from 10 to 60 min of incubation was seen for the continuously incubated sample compared with the washed one (Table  3) . Thus, the increase in the number of adhering bacteria was mainly due to Conditions subsequently used for adhesion testing. Suspensions in PBS of 105 ± 0.11 epithelial cells per ml and 10' ± 0.14 E. coli bacteria per ml (mean ± standard error) were mixed. The samples were incubated during rotation at 370C for 60 min. Unattached bacteria were then eliminated by repeated washing in PBS, and a drop of trypan blue was added. Bacteria attached to each of 40 unstained epithelial cells were calculated by direct-light microscopy, using a Burker chamber.
Variation in adherence within and between preparations of bacteria and epithelial celis. On each of 8 consecutive days, duplicate preparations of epithelial cells from one individual and the nine E. coli strains were made, using the conditions described above. The number of bacteria attached to each of 40 epithelial cells was determined in each sample. The standard deviation in adherence to individual cells within a preparation was linearly related to the mean adherence of the preparation and is given as an equation of regression (Table 6) . To estimate the variation between preparations within a day and between days, a simple analysis of variance was performed. The standard deviation between preparations within a day was similar to the standard deviation within a preparation, whereas the standard deviation between days was larger.
The experimental error of interest, i.e., that between days, was calculated for the strains with good adhesion, as described here for strain I. The standard deviation for a mean ofn epithelial cells was V16.3 + 49.62/n, using the estimates of Table 6 and ignoring the variation within a day. The experimental errors for various n, assuming a mean adherence of 90 bacteria per cell for E. coli, is illustrated in Table 7 . Counting 40 cells gives an experimental error of 20%. An increase in the number of cells counted only aThe figures were based on pooled data from 11 samples, each containing 120 cells. b *, Limit where n tends to infinity. treatment. Pfli on E. coli, as described by Brinton, are almost pure polypeptides that depolymerize on heating and are easily washed off the bacterial cell surfaces (5). For Shigella, pili are not formed when bacteria are grown on glucose-rich media (7) . This might be due to increased acidity, which is known to depolymerize pili (5) . The growth conditions in the urinary bladder, with limited oxygen supply, should favor growth of piliated E. coli (5, 7). Presence of pill on E. coli bacteria also relates to their ability to attach to human uroepithelial cells (C. Svanborg Eden, H. A. Hansson, and L. A. Hanson, manuscript in preparation), as has been suggested for Proteus (24) . The adhesiveness of the E. coli strains tested is not due to acquisition of blood group-reactive substances from the cultivation medium, as suggested by R. J. Gibbons and J. U. Qureshi (manuscript in preparation), since growth on minimal salts medium did not significantly decrease adhesion.
A few connections may be found between the presented in vitro model and conditions known to exist in patients with urinary tract infections. In the urinary bladder, bacterial growth is thought to be continuously in log phase (4) , since medium (urine) is continuously supplied and since part of the old culture is voided. In patients with residual urine or reflux, but also during incubation over night, it might, however, be possible to obtain post-log-phase cultures. Bacteria at both stages of growth obviously possess adhesive ability although post-log-phase cultures adhered better than did those in log phase. The bacterial concentration, 10i bacteria per ml, that is used in the in vitro test is high but not unbiological, since the number of bacteria per milliliter isolated from patients with significant bacteriuria ranges from 10i to 109 (4) .
The nornal time between voidings is about 4 h. After 4 h of incubation in vitro, the poorly adhering strains still adhered in small numbers, whereas the efficiently adhering strains showed the largest increase of attachment during the first 60 to 120 min of incubation. Thus, even in a patient with frequency as in cystitis, voiding every hour, the time between voidings may be suffi'cient for bacteria to become attached to the urinary tract epithelium. Once attached, bacteria may penetrate, activate the defense mechanisms of the host, or multiply on the cell surface until the epithelial cell is discharged and new adhesion must take place. The normally slow turnover of bladder epithelium is likely to be faster during infection (12) . Epithelial cells in the urine sediment of infected patients are, thus, likely to have bacteria attached to the surface. The sediments of patients with urinary tract infection are presently being studied from this aspect. Furthermore, uroepithelial cells from a larger group of normal individuals is being studied and compared with cells from patients with ongoing or recurrent urinary tract infection.
